We used glycine betaine (5-20% w/v) for blanching green peas (100°C, 60 s), and their subsequent freezing and storage (-20°C, 90 days). Blanching after the addition of glycine betaine at ≥10% (w/v) followed by a 90 day storage period which resulted in the most desirable outcome: higher vitamin C levels, a superior green color, enhanced organoleptic quality and texture, and improved retention of peroxidase and lipoxygenase activity relative to control peas (no glycine betaine added). Microscopic characterizations of control and treated peas revealed that glycine betaine acts as a cryoprotectant which maintains cellular integrity. Glycine betaine (10% w/v) could be used commercially for production of frozen peas with better quality attributes.
INTRODUCTION
Glycine betaine (GB), a zwitterionic quaternary ammonium compound (molecular weight 117.2 g/ mol), was discovered in beetroot (Beeta vulgaris) during the 18th century, [1] but is biologically ubiquitous as it is found in almost all organisms. This amino acid derivative is known to act as a compatible solute that is capable of protecting cellular systems and biological tissues via its various roles in osmotic adjustment and protection of biomacromolecular systems. While GB is produced in plants as a response to abiotic stresses viz. drought, salinity, hyper-osmotic stress, and freezing, [2] it is also produced in microbes. [3] GB acts as an effective cryoprotectant in tomatoes and other plants as well as in bacterial cells [4, 5] and as a thermoprotectant in Bacillus subtilis as well as other bacteria. [6] Whereas the physicochemical properties and biological roles of individual compatible solutes differ, [7] [8] [9] [10] GB can protect cellular systems against diverse and indeed multiple simultaneous stresses. In addition to osmotic adjustment and cryo-and thermoprotection, GB also shows kosmotropicity-induced protection against solvents, chaotropic solutes, and hydrophobic stressors. [7] [8] [9] Like other compatible solutes, GB has a unique and complex profile of physicochemical and biophysical activities. GB is utilized by the food, agricultural, pharmaceutical, and other industries for a variety of applications. [11] Biogenic GB is commercially produced from beet molasses and marine alga Ascophyllum nodosum. [12, 13] Acid whey, a waste material of the dairy industry, can also be fermented to produce GB. [14] Green peas are staple vegetables which are produced and consumed throughout the world. [15] Seasonal variation in production has made it imperative to freeze-store peas in order to meet the gap between supply and demand at various times of year. [16] Prior to long-term storage at -20°C, peas must first be blanched at a high temperature and then cooled rapidly. Failure to execute an optimized blanching methodology can lead to loss of heat-labile nutrients and a reduction in quality. [17] Similarly, improper freezing protocols and some improper transportation and storage conditions during supply-chain management can promote nutrient loss and degrade quality further. [18] [19] [20] [21] GB is found in almost all food products of animal or plant origin and hence, has a generally recognized as safe (GRAS) status. [22] It is present naturally at a low concentration (5 µg/g) in green peas. [22] The nutraceutical benefits of GB include its use for treatment and monitoring of diseases such as homocystinuria, a genetic disorder of autosomal recessive nature; [23] mitigation of hepatoxicity and neurotoxicity caused by ethanol consumption; [24, 25] promoting healthy liver function due to its involvement in methylation reactions of metabolism which helps in the regeneration of hepatic cells; [26, 27] and arterial degeneration; muscle wasting and variety of skin problems can also be treated or prevented using GB. [28] [29] [30] Supplementation of foods using GB, therefore, is not only permitted but can be desirable.
We hypothesized that GB can be used as a supplement which is able to protect against deterioration of pea quality during blanching and freezing. This was evaluated by monitoring vitamin C content, percentage alcohol-insoluble solids (AIS), green coloration, peroxidase (POD) activity, lipoxygenase (LOX) activity, texture of pea skin and cotyledons, sensory analyses, and assessment of cellular damage caused by freeze-thawing.
MATERIALS AND METHODS

Materials
Food-grade GB (≤98% [w/w]) of RUICHEM, Zhejiang, China, was used. Maltitol and trehalose used were of food grade. Freshly harvested green peas (Pisum sativum L.), still in their pods, were purchased from a street vegetable market in Mumbai, India. All the reagents and chemicals used in the study were purchased from S.D. Fine Chemicals Limited (Mumbai, India) and HiMedia Laboratories (Mumbai, India).
Pea Blanching, Preparation, and Frozen-Storage
Freshly harvested green peas were blanched in tap water (control), 5% w/v GB aqueous solution (5% GB), 10% w/v GB aqueous solution (10% GB), 15% w/v GB aqueous solution (15% GB), and 20% w/ v GB aqueous solution (20% GB) were prepared using tap water and all were blanched for 60 s at 100°C
. [21] The ratio of peas to blanching solution was 1:2, and peas were cooled immediately after blanching by transferring to their respective blanching solutions which were pre-cooled to 4°C. A temperature of 0 to 4°C was maintained throughout the cooling period (i.e., 30 min). The cooled peas were packed into zip-lock bags which were sealed and then frozen at -20°C for 90 days. Sampling and assessment were carried out at 30-day intervals. Additional samples of fresh peas were osmotically dehydrated prior to freezing; this treatment produced "dehydrofrozen" peas. [19] These dehydrofrozen peas were prepared in 56.5% (w/v) malitol + trehalose solution (with maltitol and trehalose at a ratio of 2:1 by weight), [19] frozen in zip lock bags for 90 days, and were sampled after every 30 days. Raw peas which were used as a control were not exposed to any blanching treatment.
Analysis of Vitamin C and AIS
Vitamin C was determined titrimetrically by an iodometric method. Thawed pea samples (10 g) were crushed to a pulp by mortar and pestle; the pulp was dispersed in distilled water and the volume was then made up to 100 mL. This was then centrifuged at 3857 × g and supernatant was strained through a cheese cloth. Distilled water was added to 10 mL of this clear extract, making the total volume 99 mL. Starch indicator (0.5% w/v, 1 mL) was then added to make up the final volume to 100 mL. This was titrated against 0.005 M of iodine solution. [31] Percent AIS was determined by a gravimetric method as reported by Nleya et al., [32] where the weight difference between the initial pea sample and the ethanol treated pea sample was determined.
LOX and POD Activity, Texture, and Color Analysis
Thawed pea samples (10 g) were pulped using a mortar and pestle, to which distilled water was added slowly but continuously to make the final volume 50 mL; this extract was strained through a cheese cloth and then centrifuged at 3857 × g. Protein content of pea samples was determined by Bradford's method. [33] LOX (234 nm) and POD (420 nm) activity was determined in the supernatant spectrophotometrically [34] on a Hitachi U-2001 ultraviolet (UV)-spectrophotometer (Hitachi, Tokyo, Japan).
The force required to rupture the thawed peas was calculated using a texture analyzer (TA-XT2i, Surrey, UK) fitted with a P/2 probe (1 mm/s) which penetrated the peas up to a depth of 3 mm. The probe first ruptured the skin and then the cotyledons. Two forces were obtained from which the texture of the skin and cotyledon were evaluated (Supplementary file). The intensity of green coloration was monitored in terms of a* using Hunter Lab Colorimeter (LabScan® XE, Virginia, USA).
Sensory Evaluation
Sensory evaluation of thawed peas at room temperature (30 ± 3°C) was performed after every 30 days during the 90-day frozen-storage period, for 15 parameters essential to the perceived quality of green peas ( Table 1 ). [32, 35] A panel of 14 members that comprised of nine females and five males (students and employees of ICT, Mumbai) in the age group of 22-29 years, who did not smoke, performed the evaluation.
Microscopic Analysis of Frozen Peas After a 90-Day Storage
Treated and control peas were assessed for signs of mechanical damage upon thawing using a light microscopy at × 100 magnification. The thawed peas were immediately deskinned and the cotyledons were separated. A thin transverse cotyledon section was prepared using a scalpel, placed on a grease-free glass slide.
Statistical Analyses
All the experiments were performed using a minimum of triplicates. Means and standard deviations were calculated using Microsoft Excel 2010. One-way analysis of variance (ANOVA) was performed using IBM SPSS Statistics 20.
RESULTS AND DISCUSSION
GB Enhances Pea Quality Upon Blanching
Many blanching protocols have been designed to minimize the loss of vitamin C [17, 21, 34] which is one of the most heat-labile of the vitamins. Inclusion of 10 to 20% w/v GB during blanching provided considerable thermoprotection; only 21.32% of vitamin C (at 10% w/v GB) was lost compared with a 46.90% loss in peas blanched in tap water ( Table 2 ). There was no significant effect of GB concentration in the range of 10 to 20% w/v. Blanching reduced the quantity of AIS in the peas indicating some loss of solids in the blanching solution, although inclusion of GB in blanch water did not have any effect on the AIS.
POD is a heat-stable enzyme, [21] whereas LOX is highly heat labile and so can be inactivated during blanching. [21, 34, 36] LOX catalyzes oxygenation reactions of fatty acids and other fat-related compounds. Although high levels of LOX are undesirable due to this activity, [36] lower levels of LOX can have an adverse impact on the characteristic flavor of blanched peas; LOX activity was maximum in raw peas. GB clearly provided thermoprotection to LOX ( Table 2 ). Use of GB in the blanching water resulted in the retention of 3.34% of the initial LOX activity as compared to only 0.63% in peas blanched in water. A POD concentration in the range of 2 to 7% is recommended in blanched peas; values below 2% indicate over-blanching and values above 7% indicate underblanching. Hence, blanching protocols for peas are designed on the basis of retention of POD activity after blanching. [21] GB in the range of 10 to 20% w/v retained 7.09% POD activity as opposed to only 1.53% in peas blanched in water and 3.26% in osmo-dehydrated peas ( Table 2) . Peas blanched in 5% w/v GB retained similar levels of POD activity as those observed in osmodehydrated peas.
Blanching results in the softening of peas, but the use of GB reduced softening of the cotyledon to some extent when compared to control ( Table 2 ). Osmotic dehydration led to hardening of peas. [19] Blanching increased the intensity of green coloration as has also been previously reported. [17, 34] There was no apparent influence of GB on the retention of green coloration during blanching. Adapted from Nleya et al. [32] and Sanford et al. [35] GLYCINE BETAINE FOR PRODUCTION OF FROZEN PEAS 
GB Mediated Protection Against Freezing
Steady reduction of vitamin C content occurred in peas blanched in water in the 5% GB treatment, suggesting that neither water nor GB at 5% (w/v) are effective at maintaining pea quality (Fig. 1a) . However, the deterioration was found to be slowed down in peas that were blanched in 10 to 20% GB (w/v) up to 90 days of storage. Although trehalose is a well-known osmoprotectant and cryoproptectant, [3, 4, 19] it provided cryoprotection against loss of vitamin C until 60 days, after which rapid deterioration in vitamin C was seen in osmo-dehydrated peas (Fig. 1a) . Peas in the 5% GB treatment showed rapid deterioration of green color immediately after blanching when compared to blanching in water ( Fig. 1b) , an observation that was not supported by sensory observations ( Table 3 ). All other test samples showed more-or-less consistent levels of color deterioration until 30 days (Fig. 1b) . After 30 days, the quality of osmo-dehydrated peas deteriorated rapidly, while those blanched in 10 to 20% GB (w/v) deteriorated at a considerably slower rate. These data also indicate that 10% GB (w/v) leads to better retention of green color than the osmo-dehydration treatment which utilizes the well-known cryoprotectant, trehalose (Fig. 1b ). Regardless of treatment regime, reduction of green coloration in frozen peas during storage is commonly reported as problematic. [21, 32] The texture of both the pea skin and cotyledons deteriorated at a faster rate in peas blanched in water or at 5% GB (w/v) than observed in peas blanched in 10 to 20% GB (w/v) during 90 days of frozen storage ( Figs. 1c and 1d ). For the osmo-dehydrated peas, a reverse trend was seen where the peas were found to harden rather than soften. Whereas this phenomenon was also reported by Giannakourou and Taoukis, [19] the underlying mechanism has yet to be elucidated.
In raw peas, AIS are an indicator of maturity. The AIS value is indicative of the degree to which sugars have been converted in to starch during maturation of peas. [32, 37] In the current study, the 
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KAR, HALLSWORTH, AND SINGHAL amounts of AIS were found to be comparable in all samples (Fig. 2a ). The LOX activity was reduced in all the samples during the 90-day storage period, although the extent of this reduction was influenced by the nature of blanching. The peas that had been blanched in water and in 5% GB (w/v), and the osmo-dehydrated peas, were characterized by very low LOX activity values while the peas blanched in 10 to 20% (w/v) GB showed much higher and similar values of LOX activity (Fig. 2b) . A similar trend was observed with POD activity (Fig. 2c) . These data clearly indicate that GB affords cryoprotection when used at or above 10% (w/v).
Microscopic Analysis of Peas After 90 Day Storage
There was a clear difference in the structural integrity of cells from pea samples that had been stored at -20ºC and then thawed when compared to those from fresh peas (Fig. 3 ). Cells of fresh peas appeared round, indicating a healthy turgor ( Fig. 3 ), whereas peas that had been frozen and then thawed exhibited ruptured cells and were characterized by structural destruction of the tissues; this is consistent with earlier studies of freeze-thawing. [4, 21] In the current study, peas blanched in either water (i.e., control) or in 5% GB (w/v) were characterized by a loss of cellular integrity, indicating that 5% GB (w/v) was insufficient to provide effective cryoprotection. By contrast, peas in the osmo-dehydration, 10% GB, and 20% GB treatments peas exhibited low levels of cellular damage, indicating that both GB and maltitol+trehalose can provide cryoprotection. The cryoprotectant activities of trehalose and GB is consistent with their known roles in the microbial cells. [4, 11] The mechanism by which GB provides cryoprotection is not yet understood. In tomatoes, exogenous application of GB is reported to improve its chilling tolerance which may be due to higher catalase activity in GB treated tomato plants [5] that over express the catalase gene (CAT1). 
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Similarly, in peas, POD activity was lower when water was used for blanching ( Fig. 2c ). Hence, it appears that genes involved in aspects of the cryoprotectant activity may be activated upon treatment of the peas with GB. Further research at the molecular level is necessary to confirm these findings. Trehalose might have provided cryoprotection to peas by transforming the plant cell into glassy state when frozen as reported in microbial cells, [4] a notion which is consistent with the hardening reported during texture analysis ( Figs. 1c and 1d ).
Sensory Analysis
Whereas GB is a tasteless, colorless, and odorless compound, the 15 parameters listed in Table 1 were used to produce a holistic assessment of the overall quality of the peas after blanching and freeze-storage/thawing. [32, 35] Osmo-dehydrated peas were perceived to be sweeter and showed more shriveling and hardness, than other test samples (Table 3) as the maltitol and trehalose used during the osmotic dehydration process contributed to pea flavor. All of the other parameters assessed during the sensory analysis, including flavor, were similar Table 3 .
During the 90-day storage period, shriveling and yellowing were observed in frozen peas that were blanched in either tap water or 5% GB (w/v), whereas there were no visible changes in osmodehydrated peas or those blanched in 10 to 20% GB (w/v). All pea samples were attributed positive scores for aroma and strength of flavor, except for osmo-dehydrated peas which were perceived to be less aromatic ( Table 3) . Retention of LOX activity in peas that were blanched in GB did not lead to the production of off-flavors according to organoleptic (Table 3) . Hexane extracts were prepared from aqueous pea extracts to study the effect of retention of LOX activity on lipids. Three layers were formed: an upper, clear hexane layer; a middle lipoprotein-carbohydrate layer; and a lower aqueous layer. Gas chromatography-mass spectrometry (GC-MS) analysis of the upper hexane layer, however, did not yield reproducible results (data not shown); and this was presumably because much of the lipid in peas is bound either to proteins or sugars. [38, 39] The textures of both the skin and cotyledons in osmo-dehydrated peas were altered during the 90-day storage period, a finding in accordance with that observed from texture analysis. The perceived juiciness of GB treated peas was greater than that for peas blanched in water, but was similar to that recorded for osmo-dehydrated peas at day 90. Hence, peas blanched in GB retained their quality during freezestorage and thawing better than those blanched in water; furthermore, the former did not show hardening as seen in osmo-dehydrated peas. Osmo-dehydrated peas were perceived to be sweeter, and therefore, were preferred by the panel.
Multiplication of spoilage microorganisms has been observed down to -18ºC in frozen peas, the lowest recorded temperature at which microbial multiplication has been recorded. [18, 40] Chaotropic substances, including the compatible solutes glycerol and fructose, can enhance flexibility of macromolecular systems at low temperature [9, 41] and can thereby extend microbial growth windows by reducing temperature minima for multiplication. [42, 43] Given the kosmotropicity of substances such as GB and trehalose, however, it is likely that they will have the opposite effect and thereby reduce the chance of spoilage during freeze-storage. In nature, some microbes inhabit compatible solute-rich milieu such as entomopathogenic fungi in the trehalose-rich insect haemolymph, [44] and in relation to microbial biotechnology compatible solutes can be used to optimize biofuel fermentations and biological control of agricultural pests and pathogens, [9, 45] and to produce food preservatives, body products, and cosmetics. Whereas the multifarious roles of compatible solutes in microbial cells have been relatively well-characterized, the mechanisms of action are not always clear. Osmotic adjustment is key to the ability of microbial cells coping with changes in or extremes of water activity. [46] [47] [48] Further work is needed to determine whether GB acts, in part at least, by preventing osmotic shock to peas during the blanching process.
CONCLUSION
The findings of the current study indicate that incorporation of 10% GB (w/v) in blanch water provided post blanching thermo-and cryo-protection to peas during frozen storage. The protocol described above can be modified for use at an industrial scale in order to improve the quality of commercially processed peas. Further studies on the protective capabilities of GB in blanch water for other fruits and vegetables may lead to additional applications of this compatible solute. The biophysical mechanism(s) underlying the protective activities of GB warrant further study.
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